Diffusion-weighted imaging provides image contrast that is different from that provided by conventional magnetic resonance imaging techniques. It is highly sensitive for detection of cytotoxic oedema, and as such has gained favor in the detection of acute infarcts. However, diffusion-weighted imaging is underrepresented in the characterisation of many other disease processes. Our objective is to differentiate diseases that manifest with various neurological disorders, based on diffusion contrast and apparent diffusion coefficient values and review of hyper-and hypointense lesions on diffusion-weighted imaging.
Diffusion-weighted imaging (DWI) is a magnetic resonance imaging (MRI) technique in which contrast within the image is based on microscopic motion of water. Thus, it is more sensitive to early changes of cytotoxic or vasogenic damage at cellular level than traditional MRI measurements such as T1 or T2 relaxation rates [1] . The procedure was first described in 1965 by Stejskal and Tanner [2] . DW images are obtained by adding a series of 2 sequential gradient pulses to a 90 and 180 spin-echo sequence (Figure 1 ). The first gradient pulse is applied between the 90 and the 180 pulse. The resultant motion causes molecules to acquire phase shifts of their transverse magnetization. Both the 180 and the second gradient pulse rephase stationary spins. Phase shifts acquired in mobile molecules lead to failure of such molecules to rephase completely, resulting in substantial signal loss [2] .
This can be represented as Degree of signal loss ¼ S : signal after application of diffusion gradients So : signal before use of diffusion gradients S=S0[exp ðLb factor X ADCÞ where S/S0 is the ratio of signal with diffusion gradients to signal without diffusion gradients and ADC is the apparent diffusion coefficient (mm 2 /s) and is tissue dependent. Diffusion gradients sensitize the MR image to motion of water molecules. Thus, a loss of motion results in restricted diffusion and appears bright on DWI and greater motion produces a darker image ( Figure 2 ). Lesions with diffusion restriction appear bright on DW images and dark on ADC maps. Structures with increased diffusion such as cerebrospinal fluid (CSF) will appear dark on DW images and bright on ADC maps.
The attenuation factor (s/mm 2 ) b is a value that includes all gradients effect (imaging gradients þ diffusion gradients).
The b value can be regarded as analogous to the echo time for T2 weighting. At low diffusion weighting (small b values), there is minimal sensitivity to diffusional motions and images will show predominant T2 contrast. At high b values, the contrast is largely produced by the diffusion properties ( Figure 3 ). However, even at larger b values, there will be some T2-weighted component. This can be confirmed only by looking at the ADC maps. Hyperintensity on both DWI and ADC maps is secondary to the inherent T2 characteristics of these images and is described as T2 shinethrough effect (Figure 4 ).
According to Fick's law, true diffusion is the net movement of molecules due to a concentration gradient. With MRI, molecular motion due to concentration gradients cannot be differentiated from molecular motion due to pressure gradients, thermal gradients, or ionic interactions. Also, traditional MRI is not corrected for the volume fraction available or for increases in distance traveled due to tortuous pathways. Therefore, when measuring molecular motion with DWI, only the ADC can be calculated.
The ADC value does not depend on the field strength of the magnet or on the pulse sequence used (which is different for T1 or T2). The ADC obtained at different times in a given patient or in different patients or in different hospitals can be compared. By comparing differences in the apparent diffusion between tissues, tissue characterisation becomes possible. Only the ADC can be calculated, and signal intensity is expressed as: SI ¼ S io exp (Àb ADC).
In the brain, apparent diffusion is anisotropic, implying variability in different directions. This characteristic is particularly pronounced in white matter. For routine diffusion images, the images are composites of 3 different directions of data ( Figure 5 ). The diffusion contrast of the images can be further changed by changing the echo time (TE). There is higher diffusion contrast with higher b value as well as shorter TE. This is mainly because shorter TE diffusion-weighted imaging (DWI) imparts a greater signal-to-noise ratio ( Figure  6 ). The cause of the anisotropic nature of white matter is not completely understood, but increasing anisotropy has also been noted in the developing brain. This anisotropic nature of the DWI is used for diffusion tensor imaging. The anisotropic diffusion properties are beyond the scope of this article.
Principle and Method
Diffusion weighted sequences are incorporated in most MRI protocols of brain in patients with neurological deficits (see Table 1 ). Most images were acquired on a 1.5-T GE TwinSpeed MRI system (GE Healthcare, Madison, WI). The standard echo-planar imagingebased DWI sequence with b value of 1000 and echo time of 73 ms was used for the evaluation of lesion and calculation of ADC values. The image contrast on DWI is dependent on the molecular motion of water, which is substantially altered by disease [3] . The restriction of water movement inside the cell or in between cells creates a unique diffusion contrast and alters the ADC values. The hyperintense and hypointense lesions on DWI sequence were evaluated and compared with standard MRI sequences.
Results

Arterial Infarcts
The interruption of cerebral blood flow results in rapid (within minutes) breakdown of energy metabolism and ion exchange pumps. This leads to a massive shift of water from the extracellular into the intracellular compartment (cytotoxic oedema) and produces a typical hyperintensity on DWI and hypo-intensity on ADC ( Figure 7 ). Acute ischemia gives perhaps the most dramatic hyperintense changes among all intracerebral pathologies.
The DWI and ADC maps show changes in an ischemic brain within minutes to hours after symptom onset, when no abnormalities are typically seen on conventional MRI and CT. The signal intensity of acute stroke on DWI increases during the first week after onset of symptoms and decreases thereafter. The ADC values decline rapidly after the onset of ischaemia and subsequently increase from dark to bright 7-10 days later ( Figure 8 ). Around this time period, the ADC turns normal and has been called ''pseudonormalization of ADC'' ( Figure 8 ). This property may be used to differentiate lesions older than 10 days from more acute ones. Chronic infarcts are characterised by elevated diffusion and appear hypointense on DWI and hyperintense on ADC map.
Venous Infarcts
Venous infarcts occur secondary to occlusion of a draining vein from thrombosis. Over time, due to the progressive increase in the hydrostatic pressure in the occluded veins, there is vasogenic oedema and often hemorrhage. DWI usually gives a heterogeneous pattern with predominantly free diffusion. However, in late cases, we may be able to see restricted diffusion ( Figure 9 and Table 2 ). Decreased ADC is demonstrated in both acute hemorrhagic and nonhemorrhagic stroke. However, in contrast to patients with nonhemorrhagic stroke whose lesions were iso-or hyperintense on T2-weighted echoplanar images, lesions in patients with hemorrhagic stroke were of mixed hypo-and hyperintensity on T2weighted echo-planar images [4e6].
Hypoxic ischemic injury
The mechanism and presentation for hypoxic ischemic injury (HII) is variable and sometimes uncertain. Abnormalities on DWI can be extremely subtle, with images even appearing normal, as areas of restricted diffusion can be masked by the intrinsically high T2 values of the mostly unmyelinated neonatal brain. Thus, it is especially imperative that DWI of the neonatal brain be reviewed in conjunction with corresponding ADC maps.
HII encephalopathy results from a global insult caused by ischemia or hypoxia or anoxia. Imaging findings in HII are highly variable and depend on a number of factors, including brain maturity, severity and duration of insult, as well as the type and timing of imaging studies. HII in older children and adults affects the grey matter structures including the basal ganglia, thalami, cerebellum, hippocampi, and cerebral cortex. In particular, the sensorimotor and visual cortices are affected, although involvement is often diffuse. This predominance of grey matter injury is related to the fact that it is metabolically the most active part of the brain. The grey matter, including the basal ganglia and cortex, is most susceptible to global HII and can be demonstrated as abnormal in severe HII in premature and term neonates, as well as in postnatal infants and older children. White matter injury most commonly occurs in premature infants and the risk of periventricular leukomalacia is inversely proportional to the gestational age of the infant at the time of injury.
In the acute stage, we usually see restricted diffusion in the pattern depending upon the age of the patient and severity of the insult ( Figure 10 ). In the chronic stage, there is free diffusion in the same distribution ( Figure 11 ).
Diffuse axonal injury
Computed tomography and conventional MRI tend to underestimate the extent of diffuse axonal injury (DAI). DWI is valuable in closed head injury because it identifies additional shearing injuries not visible on T2 and fluidattenuation inversion recovery (FLAIR) or T2 sequences [7] . In the acute stage, there is usually evidence of restriction on DWI (Figure 12 ) and the same region shows free diffusion in the chronic phase. Furthermore, DWI or ADC maps differentiate between lesions with decreased or increased diffusion. DWI is less sensitive than T2 imaging for detecting hemorrhagic lesions [8] . However the b0 images of DWI show most of these hemorrhagic lesions seen on the gradient images. The DWI or ADC signal characteristics allowed classification into 3 different types of DAI lesions. Type-1 lesions are DWI and ADC hyperintense, indicating increased diffusion. Type 2 lesions are DWI hyperintense and ADC hypointense, indicating restricted diffusion. Last, Type 3 lesions are hemorrhagic lesions.
Vasculitis
In brain that appears normal in the setting of central nervous system (CNS) vasculitis, abnormalities may be demonstrated with DWI. Specifically, lower ADC values can be noted in the anterior white matter, central white matter, thalami, and internal capsules ( Figure 13 ) [9] . Moreover, DWI can detect both small and active changes that are not visible on conventional MR, and discriminate between cytotoxic and ischemic disease processes [10] . In the setting of Behcet's disease, associated vasogenic oedema is responsible for a perceptible increase in ADC. This is due to the predominantly venous pathology within the CNS. These lesions may be discovered most commonly as hyperintense foci on DWI in the brainstem. The high signal on both DWI and ADC is thought to be caused by a blood-brain barrier disrupted by inflammation [11] . By contrast, systemic lupus erythematosus can be associated with both vasogenic oedema and arteriolar infarcts. Thus, ADC may be either elevated or depressed relative to normal cortex [12] .
Infection
Abscess
Abscesses appear hyperintense on DW images, with a very low ADC value of 0.3-0.4. Therefore, the DWI and ADC findings may be useful in the differential diagnosis of ''ringenhancing'' cerebral masses [13] . The presence of a central area of hyperintensity on DWI and very low ADC values strongly suggest the presence of inspissated pus in the abscess (Figure 14) . It is thought that the viscosity of proteinaceous fluid buildup and related hypercellularity of the pus are responsible for this ADC depression [14] . These findings are crucial in differentiating abscess from cystic necrotic tumours, the management of which is markedly different. Additionally, it has been shown that DWI is superior to conventional MR in assessing both surgical and medical treatment of brain abscess for success or failure. In this setting, low DWI and high ADC suggested good therapeutic response, whereas the inverse represented no response or alternatively pus reaccumulation both in adults [15] and children [16] .
Empyema. In the setting of empyema, restricted diffusion is observed in the same manner as with cerebral abscess, which is to say that the increased density of infected fluid results in decreased movement of water and accordingly higher signal [17] . Not only is empyema hyperintense on DWI, it demonstrates lower ADC values than cortex, which is markedly lower compared to subdural effusion [18] . When examining subdural collections, DWI is therefore useful for distinguishing empyema from effusion ( Figure 15 ). Preliminary data suggest that DWI may also assist in the differentiation of subdural from epidural empyema, where the former exhibit uniformly high signal and the latter may contain areas of low signal as well [19] .
Herpes simplex encephalitis. The main pathology in herpes simplex encephalitis (HSE) is cytotoxic oedema in tissues undergoing necrosis. This is characterised by marked hyperintensity on DWI in a typical distribution involving bilateral temporal lobes and the limbic system ( Figure 16 ). DWI is more sensitive than conventional MRI in detecting early changes of herpes encephalitis [20] . ADC values reflect the nature of oedema present. Namely, cytotoxic oedema is reflected in decreased ADC, whereas vasogenic oedema may present with increased or unchanged ADC [21] . Cytotoxic oedema carries a worse prognosis and thus early detection is crucial [22] . Given that MR findings are often nonspecific and will provoke CSF workup, an appreciation of DWI is extremely useful in the setting of HSE. In the acute and subacute period, DWI appears to detect both the regions and extent of involvement in HSE earlier than FLAIR. However, late changes remain more apparent on FLAIR, and the 2 should still be used to troubleshoot each other [23] .
Tumours DWI has been used occasionally in the evaluation of intraaxial tumours. Brunberg et al [24] reported that ADC and index of diffusion anisotropy determinations allow distinction between normal white matter areas and necrosis or cyst formation, oedema, and solid enhancing tumour. Tien et al [25] found that areas of enhancing tumour were hyperintense on DWI and that it was possible to distinguish areas of predominantly nonenhancing tumour from areas of predominantly peritumoural oedema.
Arachnoid cyst vs epidermoid cyst
Epidermoid tumours are mainly solid, thus markedly hyperintense on DWI with low ADC values. The ADC values of epidermoid tumours are lower than that of cerebrospinal fluid and equal to or higher than that of brain parenchyma [26e 28]. These rare, congenital lesions involving usually ectodermal herniation into the neural tube at development, present as a lobulated, slightly hyperintense mass on T1 and T2, with no internal contrast enhancement. Their high DWI is thought to be related to increased cellularity and viscosity of keratohyalin crystals [26] . Epidermoid cysts are associated with a risk of chemical meningitis at surgery, thus accurate identification is imperative when resection is planned [29] .
Arachnoid cyst has a similar appearance on routine MRI as epidermoid tumours, but DWI can distinguish the 2. Epidermoid, being a solid tumour, shows hyperintensity on DWI and has a low ADC map ( Figure 17 ) and this is thought to be caused partly by T2 shine-through. Arachnoid cysts mainly appear as hypointense on DWI and have a high ADC ( Figure 18 ) [28] . Relatedly, DWI has utility in differentiating recurrent tumour CSF-filled cavities postoperatively [30] .
Meningioma
Most benign meningiomas appear isointense on DWI imaging and ADC maps, but some are slightly hyperintense on both DWI and ADC maps [31, 32] . Malignant transformation is suggested by high intensity on DWI with low ADC value due to increased cellularity and decreased extracellular fluid ( Figure 19 ). Conversely, low-grade tumours such as glioma can exhibit high ADC values [33] . Because histological grade is determined by the highest-grade area, ADC interpretation should be made from the maximally restricted area. With atypical tumour presentation, it is particularly important to cross-reference conventional MR sequences with DWI. A lower ADC not only appears to predict aggressivity, but also likelihood of recurrence [34] .
Lymphoma
Lymphoma, by virtue of being a hypercellular tumour, shows hyperintensity on DWI, but it is less intense than cerebral abscess ( Figure 20 ) [31] . Moreover, differentiation of lymphoma from squamous cell carcinoma of head and neck origin may be possible based on the significantly higher ADC values of the latter [35] . Lymphoma is typically hypointense on ADC, though rarely may present as isointense. Without contrast enhancement on conventional MR, lymphomas are regarded as systemic. Preliminary studies now suggest that primary CNS lymphoma (PCNSL), such as angiotropic large cell lymphoma [36] and CNS T-cell lymphoma, may be more often associated with diffusion abnormalities than their systemic relatives [37] . PCNSL also often exhibits higher DWI and lower ADC values than metastases and high-grade gliomas [38] . Moreover, lower pretherapeutic ADC values appear to be associated with shorter progression-free survival in PCNSL [39] . Importantly, in the context of AIDS patients, DWI cannot reliably differentiate CNS lymphomas from cerebral toxoplasmosis due to commonly overlapping ADC ratios [40] .
Multiple sclerosis. Pilot investigations assessing the role of DWI in the evaluation of multiple sclerosis (MS) have shown that, unlike the reduced ADC values found in regions of acute infarction, which reflect the presence of cytotoxic oedema, the typical DWI abnormality found in MS plaques is that of truly elevated ADC values [41] . In early studies, this increased diffusivity of MS plaques, compared to that of normal white matter, appears to be more pronounced than corresponding T2 signal intensity changes [42] . However, there can be restriction of diffusion at the margin of the demyelinated plaque ( Figure 21 ). In the setting of an acute demyelinating plaque, the predominant finding may be that of high DWI and low ADC, which may mislead the radiologist into diagnosing subacute stroke. In this scenario, serial imaging is critical as MS plaques appear to convert to their characteristic high ADC values [43] .
Hemorrhage
Perihematoma ischemia and oedema are both possible consequences of hemorrhage, which makes ADC interpretation complicated. When acute, the hematoma core appears hyperintense on DWI with decreased ADC [4] . This low ADC persists through the first 3 stages of hematoma evolution without variation, but T2 shine-through is enough of a concern that correlation with conventional MR is necessary [44] .
DW and T2-weighted echo-planar images are also exquisitely sensitive to hemorrhage and may be used to detect and distinguish between acute hemorrhagic and nonhemorrhagic stroke. Although hematoma core can mimic arterial stroke, the finding of ''T2 blackout or darkthrough'' ( Figure 22 ) may aid in making a distinction. The differential diagnosis for this phenomenon comprises a variety of conditions with marked T2 hypointensity from abnormal iron deposition to various infectious, inflammatory and neoplastic processes, and thus clinical context is imperative for accurate interpretation [45] . Although DWI has proven to be accurate in the staging and identification of hemorrhagic infarctions of both arterial and venous origin, its accuracy in the setting subarachnoid hemorrhage appears to be low [46] .
Briefly, DWI has shown some promise in identification of new bleeding in the context of chronic subdural hematoma. Owing to the relative high diffusivity of fresh blood in a heterogeneous collection, a DWI-hyperintense band within a chronic collection indicates new hemorrhage [47] .
Conclusion
Image contrast on DWI is dependent on the molecular motion of water, which is substantially altered by disease. High signal intensity on DWI and low ADC values similar to the findings in acute cerebral infarction are also seen in various other conditions such as encephalitis, pyogenic abscess, solid hypercellular tumours, and epidermoid cysts. Similarly low signal intensity on DWI and high ADC values are observed in various conditions such as chronic infarct, necrotic tumour, acute demyelinating plaque, and arachnoid cyst.
